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IMPROVEMENTS IN OR RELATING TO AN OPERATING SYSTEM FOR A 
COMPUTING DEVICE. 

The present invention relates to an operating system for a connputing device, 
and in particular to a metliod of providing a mutual exclusion meclianism for 
the operating system kernel of a computing device which offers significant 
advantages for reliability and performance. 

The term computing device as used herein is to be expansively construed to 
cover any form of electrical device and includes, data recording devices, such 
as digital still and movie cameras of any form factor, computers of any type or 
form, including hand held and personal computers, and communication 
devices of any forni factor, including mobile phones, smart phones, 
communicators which combine communications, image recording and /or 
playback, and computing functionality within a single device, and other forms 
of wireless and wired information devices. 

Most computing devices are programmed to operate under the control of an 
operating system (OS). The operating system controls the computing device 
by way of a series of instructions, in the form of code, fed to a central 
processing unit of the computing device. These instructions can be regarded 
as a series of quasi-autonomous fundamental units of execution which are 
scheduled by the operating system. These fundamental units of execution 
are, respectively, known as threads and a process to be carried out in the 
computing device will invariably include one or more threads. A typical 
operating system will schedule many different threads in order to control the 
wide variety of tasks to be carried out by the computing device. 

The operating system can be regarded as being made up of a number of 
components and some of these components have a more privileged access to 
the hardware resources of the computing device than other components. The 
components having more privileged access are known as privileged 
components. One or more of these privileged components form what is 
commonly known as the kernel of the operating system. 
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OS kernels typically provide those core services on which all the other 
portions of the operating system itself, together with all applications running 
on the platform, have to depend. Ideas concerning what constitutes those 
core services have been changing over time, and the consequent effects on 
the overall design of operating systems constitute the background to this 
invention. 

However, it is generally acknowledged that there are two fundamental 
approaches to OS design, and these are frequently referred to as the 
'monolithic kernel' approach and the 'microkernel' approach. 

iVIonolithic kernels are large blocks of code which contain a relatively large 
proportion of the entire operating system running at the highest privilege level 
available. This normally includes all of the interfaces with the computing 
hardware. Modern monolithic kernels have introduced substantial modularity 
to the design of the kernel, with formal interface layers and run-time loadable 
kernel modules mitigating the problems of portability, upgradeabiiity and 
memory usage traditionally associated with such designs. However, the key 
feature of a very large block of code with substantial functionality running at 
high privilege level (in what is known as kernel mode) is retained in all the 
main commercial operating systems which are based on monolithic kernels, 
including Windows^'^ from Microsoft and most versions of Linux. 

In contrast, the microkernel approach is significantly different to that of the 
monolithic kernel. The operating services provided are minimised, and 
typically reduced to ensuring the integrity of processes and address spaces, 
together with scheduling, synchronization, and interprocess communications. 
All other operating system services, often Including memory management, are 
provided as loadable modules. But, the critical difference from the monolithic 
kernel approach is that these other services are not loaded Into the kernel 
memory space and then run in kernel mode, but are instead implemented as 
servers which are loaded into their own individual memory spaces and run at 
a lesser privilege level, in what is known as user mode. 
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Figure 1 illustrates the key difference between the two architectural paradigms 
described above. 

While early microkernel based operating systems tended to be academic (for 
instance, the Mach kernel developed at Carnegie-Mellon University), the 
minimalism and the consequent predictability of microkernel designs have, 
since the mid-1 9908, made them standard for real-time and embedded 
operating systems. Wind River, QNX, OSE and Mentor Graphics all utilise 
elements of microkernel designs in their real-time operating systems (RTOSs). 
More recently, the Mach kernel itself has been integrated into the open-source 
Darwin XNU kernel which lies at the foundation of Apple's Mac OS X, and 
Mach is also the basis for the Hurd kernel which the Gnu project have 
developed as a replacement for standard monolithic Unix/Linux kernels. 

As well as their deterministic characteristics, microkernel architectures can 
also bring advantages in flexibility, extensibility, security and reliability over 
monolithic kernels. 

However, there are also disadvantages. Since a microkernel has to mediate 
all communication between user mode processes which in a monolithic kernel 
would have shared the same address space and been able to call directly into 
each others application program interfaces (APIs), there is a greater 
frequency of context switching. Depending on the hardware and the memory 
architecture of the host system, this can result in poorer performance when 
compared to monolithic kernels. 

It is possible to extend the techniques used in developing microkernel designs 
to the lowest level of the microkernels themselves. This has in fact been 
done, and Is the basis of so-called nanokemel architectures. Arguably, a 
nanokernel doesn't represent a new departure in OS design methodology, as 
it is nothing more than a highly minimalist microkernel. Indeed, much of the 
academic literature on minimising microkernels is highly applicable to 
nanokernel design. See, for example, section 2 of the article "On //-Kernel 
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Construction" by Jochen Liedtke, Proceedings of 15th ACM Symposium on 
Operating System Principles, December 1995. 

However, the more primitive the microkernel becomes, the less its role as an 
integral part of an operating system. This is because It becomes possible to 
run a variety of discrete operating system personalities, which can all be 
implemented above the nanokemei. The potential for this development was 

recognised early on In microkernel development. For an example, see "The 
KeyKOS Nanokemei Architecture" by Bomberger et al. Proceedings of the 
USENIX Workshop on Micro-Kernels and Other Kernel Architectures, USENIX 
Association, April 1992, which describes a nanokemei whose requirements 
Included the ability to run multiple instantiations of several operating systems 
on a single hardware system. 

This possibility is not just theoretical; a version of Jochen Liedtke's L4 
microkernel is able to run Linux alongside other tasks. For example, a 
microkernel with real-time capabilities running on the x86 and ARM platforms, 
known as Fiasco and which is compatible with the L4 microkernel, has been 
demonstrated to run L4Linux, a port of the Linux kernel to the L4 interface 
which executes completely In user mode, with a DOpE real-time windowing 
environment running on top of the microkernel, with an Instance of L4Llnux 
running in one of the windows. 

There are, however, deficiencies with the current technology. The fact that 
microkernels underpin the entire operating system makes a robust and 
efficient design highly important. In particular, the microkernel's role in 
scheduling processes and tasks Is critically Important for the functioning of the 
operating system as a whole; it simply cannot be allowed to fall. Such 
scheduling is not trivial, particularly where a real-time operating system 
(RTOS) Is concerned. RTOSs have to be able to make firm guarantees about 
response times to particular events. One of the key mechanisms enabling an 
RTOS to make such guarantees is a priority mechanism which ranks 
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particular tasks in order of real-time criticality, and schedules the most 
important tasks ahead of less important ones. 

A well-known problem with priority mechanisms in multi-tasking operating 
systems Is the phenomenon of priority inversion, where a low-priority task 
holds a lock (known as a mutual exclusion object, or mutex) on a resource 
which is needed by a high-priority task. Unless steps are taken to anticipate 
this situation, the task scheduling algorithm will always try to run the higher 
priority task ahead of the lower priority one, with the result that the resource 
lock never gets released, and the higher priority task therefore becomes 
blocked. 

The solution to the problem of priority inversion is priority inheritance, which 
means that the priority of a task that has a lock on a resource is always 
boosted to a level at or above that of the highest priority task waiting on that 
resource. However, traditional methods of priority inheritance can be 
computationally expensive to implement, and consequently force the 
operating system designer to trade off robustness against performance. 

In at least one well-known case, the 1997 Mars Pathfinder mission, the 
decision was made on performance grounds not to use priority Inheritance. In 
"What the Media Couldn't Tell You About MarsPathfinder" Robot Science & 
Technology Issue 1, 1998, Tom Durkin writes: 

"In order to prevent communications conflicts, VxWorks synchronized access 
to the bus with mutual exclusion software locks. However, very infrequently, 
an interrupt was sent to the bus that caused a medium-priority 
communications task to be scheduled during the split-second Interval when a 
high-priority thread was blocked while waiting for a low-priority meteorological 
data thread to run ... the long-running, medium-priority communications task 
- having a higher priority than the low-priority meteorological task - would 
prevent the meteorological task from running ... this scenario is a classic case 
of priority inversion. Wind River had deliberately turned off the priority 
inheritance option before launch to optimize the performance of VxWorks" 
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A deficiency of many current microl<ernel designs is that tliey feature separate 
and computationally expensive priority inlieritance meclianisms. Hence, 
turning them off to boost operating system perfomriance is always going to be 
a temptation. An architecture which provides automatic priority inheritance 
without any performance penalty is therefore preferable to existing designs, 
since it would not force robustness and performance to be traded off against 
each other. This is especially true where the nanolcernel is used to host one or 
more operating systems, since any unreliability in the nanokernel translates 
directly into unreliability in the operating system as a whole. 

It is therefore an object of the present invention to provide an improved form 
of computing device which is able to display automatic priority inheritance 
without any performance penalty. 

According to a first aspect of the present invention there is provided a 
computing device comprising a scheduler incorporating an algorithm for 
ordering the mnning of threads of execution having different priorities; and 
including a list of threads which are scheduled to run on the device, ordered 
by priority; the device ftjrther comprising at least one locking mechanism for 
blocking access to a resource of the device from all threads except for a 
thread that holds the locking mechanism; and in which a scheduled thread 
which is blocked from running causes the thread which holds the locking 
mechanism to run. 

According to a second aspect of the invention there is provided a method of 
operating a computing device, the method comprising providing a scheduler 
incorporating an algorithm for ordering the running of threads of execution 
having different priorities, and including a list of threads which are scheduled 
to run on the device, ordered by priority; providing at least one locking 
mechanism for blocking access to a resource of the device from all threads 
except for a thread that holds the locking mechanism; and arranging for a 
scheduled thread which is blocked from running to cause the thread which 
holds the locking mechanism to run. 
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According to a third aspect of tlie present invention tliere is provided an 
operating system for a computing device, the operating system comprising a 
scheduler incorporating an algorithm for ordering the running of threads of 
execution having different priorities, and including means for providing a list of 
threads which are scheduled to run on the device, ordered by priority; at least 
one locking mechanism for blocking access to a resource of the device from 
all threads except for a thread that holds the locking mechanism; and means 
for arranging for a scheduled thread which is blocked from mnning to cause 
the thread which holds the locking mechanism to run. 

An embodiment of the present invention will now be described, by way of 
further example only, with reference to the accompanying drawing which 
illustrates examples of monolithic and micro kernel architectures. 

The present invention will be described with specific reference to the Symbian 
OS™ operating system available from Symbian Limited of London, England. 
However, it is to be understood that the principles of the present invention 
may also be used to equal advantage in other types of operating system. 

The Symbian OS operating system includes a pre-emptive multi-threaded 
nanokernel style layer providing hard real-time support. It is within this 
nanokernel that an implementation of a single mechanism which is referred to 
as a fast mutex is to be found. This combines the benefits of a method for 
kernel threads to provide mutual exclusion locks on resources with the 
benefits of a method for automatic priority inheritance for the task holding the 
mutex. The multi-threaded nature of the kernel makes it suitable for use in 
either single-processor or symmetrical multiprocessing (BMP) systems, and 
the fast mutex can be used in either configuration. 

It is not considered necessary to fully describe the Symbian OS operating 
system in order to provide a sufficient understanding of this invention. Thus, 
the following description is restricted to those parts of the operating system 
relevant to the invention. The Symbian OS kernel is a hybrid between the 
monolithic and microkernel approaches shown in figure 1, and therefore 
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combines certain advantages of botli. The concept of a kernel which 
implements a message-passing framework for the benefit of user-side servers 
is derived from micro-kernel architectures; its networking and telephony 
stacks, as well as the file system, are all user-side servers. On the other hand, 
the implementation of device drivers as loadable kemel modules derives from 
monolithic kemel architectures. 

The nanokernel itself is largely agnostic about managing memory. Like many 
other microkernel and nanokernel architectures, it delegates this task to an 
external module. This is referred to as the memory model. The kernel 
provides a hook to allow the memory model to perform address space 
switching on reschedule. 

A variety of memory models have been implemented in the Symbian OS 
operating system. Two of these in particular are worth noting: 

• The moving memory model uses a single page directory, with entries in 
the directory moved around on each inter-process context switch. This 
can be a relatively lengthy operation, and consequently the memory 
hook function of the nanokernel runs with preemption enabled in this 
model, which prevents process switching from adversely affecting 
thread latency. 

• In the multiple memory model each process has its own page directory, 
and context switching changes the page directory base register. In this 
model, address space changes are fast because they involve only a 
change of page directory. Therefore, the memory hook function of the 
nanokernel runs with preemption disabled to improve efficiency and 
simplify code 

The nanokernel is multi-threaded, and one of its main functions is to share the 
available central processor unit (CPU) resources among several threads. 
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Nanokernel threads are similar to threads as found on most other RTOSs and 
their essential characteristic is that each one has its own stack together with 
an integer priority between 0 and 63 inclusive. Threads can be in a number of 
different states; all threads in the READY state are eligible for execution and 
are linked into what is referred to as the ready list. Threads are usually 
scheduled on the basis of priority, and a scheduler within the operating 
system ensures that the highest priority thread on the ready list will run. 

The ready list is always accessed with the kernel locked, so in order to 
maintain a low thread latency It is required that all operations on the ready list 
be bounded and as fast as possible. This is achieved by using 64 separate 
queues, one for each possible thread priority, which explains the restriction to 
64 thread priorities. Each thread on the ready list is placed in the queue 
corresponding to Its priority. A 64-bit mask is also maintained to indicate which 
queues are non-empty; bit n in the mask is set if and only if the queue for 
priority n is non-empty. 

To insert an entry in the ready list, all that is necessary is to add it to the tail of 
the queue corresponding to its priority (no searching required), and set the 
corresponding bit in the bit mask. To remove an entry, firstly the link from its 
queue is opened, then if that queue is empty, the respective bit in the bit mask 
is reset. To find the highest priority entry, the most significant 1 In the bit mask 
is found (which can be done with a binary search or by a single Instruction on 
some CPUs), and then the first entry on the corresponding queue is found. 

This implementation thus yields bounded (and small) execution times for 
insertion and removal of entries and for finding the highest priority entry. To 
save on memory, a single pointer is used for each queue. This is NULL if the 
queue is empty, othenA/ise it points to the first entry on the queue. The entries 
on the queue are arranged in a doubly-linked ring. 

The nanokernel maintains a flag (iRescheduleNeededFlag) which indicates 
whether a thread switch may be required. This flag is set whenever a thread is 
added to the ready list whose priority is greater than or equal to the highest 
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priority of any otiier thread already on the list or, in the equality case, when 
the first thread at the same priority has used its timeslice (each thread has a 
specifies timeslice). This flag is also set by a nanokernel timer tick interrupt 
when the current thread's timeslice has expired. When the kernel is 
subsequently unlocked this flag Is checked to determine whether a reschedule 
is needed. The flag is cleared when a reschedule actually occurs. 

Each thread has a specified timeslice (ITImeslice) and time count (ITime). 
Each time the thread blocks or is rotated to the end of the queue of threads at 
the same priority, the ITime field is set equal to iTimeslice. The low level tick 
interrupt decrements the current thread's ITime if it is positive and triggers a 
reschedule if it becomes zero. Thus if iTimeslice is positive the thread will run 
for iTimeslice low level timer ticks before yielding to the next thread at the 
same priority. If iTimeslice is negative the thread will only yield to other 
threads at the same priority if it blocks. 

Each thread has a critical section count (iCsCount) which is incremented 
every time the thread enters a critical section of kernel code during which it 
may not be suspended or killed. A thread trying to suspend or kill another 
thread must first check the target thread's critical section count. If the count is 
zero, the thread may be immediately suspended or killed. If the count is not 
zero, another flag is set (iCsFunction) to indicate whether the thread should 
suspend or exit when it leaves the critical section. When a thread leaves a 
critical section of kernel code, its iCsCount is decremented and, if it becomes 
zero, the iCsFunction is checked and the thread suspends itself or exits as 
necessary. The thread which called Suspend() or Kill() of the other thread is 
not blocked at any stage - it simply carries on executing. 

Fast mutexes are provided as the fundamental means to allow mutual 
exclusion between nanokernel threads. They have the following properties: 

• Very fast in the case where there is no contention for the lock. 

• Low RAM footprint. 

• A thread may not wait on a fast mutex if it already holds any fast mutex 
(they are non-nestable). 
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• A thread may neither exit nor wait for an object implemented in a layer 
outside the nanokernel while holding a fast mutex. 

In the present invention, the thread critical section system described above is 
extended to ensure that a thread is not terminated while holding a fast mutex; 
a thread holding a fast mutex is treated as being in a critical section, so 
external suspension and termination of the thread are deferred until the thread 
releases the fast mutex. This leaves the case where the thread attempts to 
exit itself while holding a fast mutex, for example as a result of taking an 
exception; as with a thread attempting to exit while in a critical section, this will 
fault the kernel. 

Holding a fast mutex also prevents a thread from being timesliced with 
threads at the same priority; this is done to reduce time spent unnecessarily 
switching between threads in short critical sections. Fast mutexes are 
essentially designed to efficiently protect short critical sections of code. 

A fast mutex consists of a pointer to the holding thread (IHoldlngThread, which 
is NULL if the mutex is free) and a flag (iWaiting) which indicates either that 
contention for the mutex has occurred or that an action has been deferred 
because the mutex was held, for example suspension, termination or round- 
robin of the holding thread. In addition, each nanokernel thread has a pointer 
to the fast mutex currently held by the thread (iHeldFastMutex, NULL if none 
is held), of which there can be at most one since fast mutexes do not nest. 
Each nanokernel thread also has a pointer to the fast mutex on which it is 
currently blocked (iWaitPastMutex, NULL if none). 

The algorithm for waiting on a fast mutex may be: 

Lock the kernel 
IF (iHoldingThread!=NULL) 
iWaiting = TRUE 

Current thread -> iWaitFastMutex = this 



Yield to iHoldingThread 
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Lock the kernel 
Reenable interrupts 

Current thread -> iWaitFastMutex = NULL 
ENDIF 

Current thread -> iHeldFastMutex = this 
iHoidingThread = Current thread 
Unlock the kernel 



In the case where there is no contention, this simply reduces to two variable 
assignments. On non-SMP (symmetrical processing) systems this can be and 
has been further optimised by simply disabling interrupts rather than locking 
the kernel while checking IHoidingThread. 

The invention provides automatic priority inheritance. This means that threads 
which are blocked on the fast mutex are not removed from the ready list. This 
is in clear distinction to other operating system and scheduling algorithms that 
always remove such threads from the ready list and queue them in a separate 
blocked list. (There is such a blocked state in the Symbian OS nanokernel, 
but it is only used for threads that are blocked on a wait object implemented in 
an OS layer above the nanokernel.) 

Instead of being removed from the ready list, threads that are blocked on a 
fast mutex execute the Yield to IHoidingThread operation. This performs a 
direct context switch from the current thread to the mutex holding thread. It 
does not remove any thread from the ready list, nor does it perform any long- 
running memory management unit (MMU) page table manipulations; that is, 
when used in conjunction with the moving memory model it doesn't call the 
nanokernel hook provided to allow (slow) process context switches, in order to 
reduce the overhead incurred by blocking a thread on a fast mutex. However, 
the operation does perform the address space change on the multiple 
memory model, since this is very fast. 



This means that user address space is not guaranteed to be consistent while 
the current thread holds a fast mutex. The only exception to this is when the 
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fast mutex held is the system lock, which is used in the moving memory model 
to ensure that the memory hook function doesn't become nested. Note that 
the YieldTo returns with interrupts disabled and the kernel unlocked, as does 
the scheduler itself, as described below. Note also that the scheduling 
algorithm ensures that YieldTo will not return until the mutex has been 
released. 

Not removing threads from the ready list and instead immediately yielding to 
the mutex holding thread, effectively provides priority inheritance. This comes 
about because a thread blocked on the fast mutex remains on the ready list, 
so a reschedule can only be triggered if another thread becomes ready whose 
priority is at least as great as the highest priority blocked thread. Hence, the 
holding thread effectively has its priority raised to that of the highest priority 
blocked thread. 

A typical algorithm for releasing a fast mutex is: 

Lock the kernel 
iHoldingThread = NULL 
Current thread -> IHeldFastMutex = NULL 
IF iWaiting 
iWaiting = FALSE 

Set TheScheduier.iRescheduleNeededFlag to cause reschedule 
IF CurrentThread->iCsFunction && CurrentThread->iCsCount==0 
Do critical section exit processing for current thread 
ENDIF 
ENDIF 

Unlock the kernel 

In the case where there is no contention, this simply reduces to two variable 
assignments. Again, on non-SMP systems this can be and has been further 
optimised by disabling interrupts rather than locking the kernel while checking 
the iWaiting flag. The iWaiting flag will have been set if another thread had 
attempted to acquire the mutex while the current thread held it. It will also 
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have been set if the thread's timeslice has expired (the round-robin with other 
equal priority threads is deferred until the fast mutex is released) or if an 
attempt was made to suspend or kill the thread. The latter scenario is handled 
In a similar way to the case where the thread was executing in a thread critical 
section (ie ICsCount nonzero). The deferred operation is processed when the 
fast mutex is released, hence the check of iCsCount and iCsFunction in the 
mutex release code. 

The nanokernel includes a scheduler, and this is called at the end of an 
interrupt service routine (ISR) if there are pending actions queued by an ISR 
or pending reschedules, provided that the kernel is not locked. It is also called 
whenever the kernel is unlocked and the same conditions regarding pending 
actions and reschedules apply. 

The scheduler first checks to see if there are pending actions queued by an 
ISR; it then selects the highest priority thread ready to run. Threads of the 
same priority are scheduled on a round-robin basis, as described above. The 
nanokernel scheduler specifically deals with the case where the selected 
thread holds a fast mutex as follows: 

• If the mutex held is the system lock the scheduler can simply switch 
straight to the thread with no further checking, since the address space 
cannot have been changed since the thread last ran. Also, the 
selected thread cannot be blocked on a fast mutex (because It holds 
one and they do not nest). 

• If the selected thread holds a fast mutex other than the system lock the 
scheduler can still switch to it, and It is unnecessary to hook out to 
carry out address space changes since the user-mode address space 
is not guaranteed to be valid during a critical section protected by a fast 
mutex other than the system lock. However, if an address space 
change would normally be required, the mutex iWaiting flag is set to 
ensure that the address space change does actually occur when the 
fast mutex is released. In addition, if the thread has the 
KThreadAttlmplicitSystemLock attribute and the system lock is 
currently held, the mutex iWaiting flag is also set. This is to ensure that 
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the thread does not exit the mutex-protected critical section while the 
system lock is held. 

The nanokernel scheduler deals with the case where the selected thread is 
actually blocked on a fast mutex as follows: 

• All threads blocked on a fast mutex stay on the ready list, so they may 
be selected during a reschedule. Rather than waste time by switching 
to the thread and letting it run and immediately switching to the holding 
thread, this case is checked in the scheduler and the scheduler then 
goes straight to the mutex holding thread, thus saving a context switch. 
This check is also what guarantees that the YieldTo function used in 
NFastMutex wait operations cannot return until the mutex has been 
released. It is worth noting that it is necessary to check both 
IWaitFastMutex and iWaitFastMutex->iHoldingThread, since, when the 
holding thread releases the mutex, IHoldingThread will be set to NULL 
but IWaitFastMutex will still point to the mutex. There is no need to do 
any address space changing if the switch to the mutex holding thread is 
carried out, for the reasons stated in the previous paragraph. There is 
also no need to set the fast mutex iWaiting flag here since it must 
already have been set when the selected thread blocked on it. 

The present invention is considered to provide the following significant 
advantages over known operating system kernels: 

• By combining mutual exclusion and priority inheritance in a single 
mechanism, the possibility of priority inheritance being switched off for 
any reason is removed 



• There is no longer any motivation to switch off priority inheritance for 
performance reasons, since the fast mutex (as its name implies) 
imposes no performance penalty from combining the priority 
inheritance and mutual exclusion functionality in a single mechanism. 



wo 2005/096149 PCT/GB2005/001300 
16 

• The provision of this fast reliable dual purpose mechanism at the 
microkernel level means that any OS built above it automatically gains 
the benefits of deadlock avoidance. 



• The fast mutex is suitable for both single processor and SMP systems. 

Although the present invention has been described with reference to particular 
embodiments, it will be appreciated that modifications may be effected whilst 
remaining within the scope of the invention as defined by the appended claims. 



